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Introduction
Sagittal split ramus osteotomy (SSRO) is the most frequently used procedure for mandibular prognathism. Orthognathic surgery can alter not only morphological aspects, but also functional aspects. Previous studies suggested that occlusal force 1year after SSRO was larger than preoperative force with a pressure-sensitive system. [1] [2] [3] [4] On the other hand, muscle cross-sectional size and muscle lever mechanics are important determinants of the magnitude of bite force. The cross-sectional size of a muscle bears a direct relationship to maximum tension-generating capacity, 5 and the length of its lever arm relative to the mandibular condyle determines the maximum torque that the muscle can exert. 6 Previous studies suggested that the cross-sectional area and thickness of masticatory muscles, as parameters of the functional ability of those muscles, are significantly correlated with biting force and the properties of facial morphology. [7] [8] [9] [10] [11] [12] Various methods have been described for measuring muscle morphology. 13, 14 The direction and cross-sectional area of the masseter muscle have frequently been measured from cross-sectional images obtained by computed tomography (CT) and magnetic resonance imaging (MRI). [15] [16] [17] It has been suggested that condylar morphology is also associated with occlusal force, on the basis of biomechanical analysis. 18 However, there are few reports relating condylar morphology and occlusal force with CT in patients with mandibular prognathism.
CT evaluation of the masseter muscle in mandibular prognathism has shown that the morphology of the masseter muscle in patients with mandibular prognathism is significantly different from that in normal subjects. 19 Furthermore, a significant reduction in the cross-sectional area of the masseter muscle was seen, and a tendency to revert back to the normal dimension was seen between 6 months and year postoperation. 20 However,
there were also few reports regarding the relation between masseter muscle, ramus and occlusal force with CT in patients with mandibular prognathism.
The purpose of this study was to examine the relationship between the morphologies of the masseter muscle and the ramus including condyle and the occlusal force in patients with mandibular prognathism.
Patients and Methods
The study group consisted of 26 women patients (mean age of 25.5 years, ranging 16-42 years). Informed consent was obtained from patients and the study was approved by Kanazawa University Hospital.
22 of 26 patients were diagnosed as mandibular prognathism and the remaining 4 patients were diagnosed as mandibular prognathism with maxillary retrognathia. However, none had severe TMJ symptoms.
Surgery
Of the 26 patients in this study, 22 underwent bilateral SSRO. The other 4 patients underwent SSRO and a Le Fort I osteotomy; rigid fixation was achieved with min-plates and monocortical screws. The plates were bent to prevent the proximal segments from rotating internally. Therefore the gap was created between the osteotomy surfaces on both sides ( Fig.1) . 21 Mean setback amount was right 6.2±3.0mm and left 6.6±3.2mm.
Immediately after surgery, elastic was placed to maintain the ideal occlusion without intemaxillary fixation. The patients did not receive any physical therapy after surgery. All patients received orthodontic treatment before and after surgery.
Measurements with three-dimensional computed tomography
Tomographs of the mandible were obtained while in the resting position using a 
Occlusal force measurement
Occlusal force and contact area were measured with a pressure-sensitive system before and one year after surgery. This system consists of a pressure-sensitive sheet (Dental Prescale; Fuji Photo Film Co., Tokyo, Japan) and its analyzing apparatus (Dental Occlusion Pressuregraph FPD-705; Fuji Photo Film Co.) connected to a personal computer. Each patient was seated with his or her head in an unsupported natural position, looking forward.
The pressure-sensitive sheet was placed between the maxillary and mandibular teeth and the patient was instructed to bite as forcefully as possible for about 3 seconds. The sheet was read and analyzed by the Dental Occlusion Pressure graph and the results were put into the computer and visualized on the display screen.
Statistical analysis
Data of masseter muscle, ramus, condyle and bite force were statistically analyzed with StatView™ version 4.5 software (ABACUS Concepts, Inc., Berkeley, CA, USA). The statistical significance of a difference between pre-and postoperative values was analyzed by paired t-test. The relationships among the bite force, the area of masseter muscle, the area of ramus, and condylar area were evaluated using simple linear regression analysis.
Results
Pre and postoperative cross-sectional area of the masseter muscle did not differ significantly. However, postoperative ramus width and area were significantly larger than the preoperative values on both sides (P<0.0001). Postoperative right condylar area was significantly larger than preoperative value (P=0.0120). Significant decreases were found in left masseter vertical length (P=0.0029) and left masseter angle (P=0.0375) postoperation.
Occlusal force 1 year after surgery was significantly larger than the preoperative value (P=0.0016). A significant increase was also found in contact area (P=0.0240).
When statistic analysis was performed using the total values (right +left), postoperative ramus width, ramus area and condylar area were significantly larger than the preoperative values (P<0.0001, P<0.0001, P=0.0392).
With regard to the difference between right and left, there were significant differences in ramus length (P=0.0231), ramus width (P=0.0188), masseter length (P=0.0366) and maseter width (P<0.0001) preoperation, ramus length (P=0.0106), masseter length (P=0.0269), masseter width (P=0.0207) and condylar area (P=0.0190) postoperation. However, there were no significant differences in ramus area and masseter area (Table.1 ).
Preoperative occlusal force and contact area showed significantly negative correlations to total condylar width (adjusted R 2 =0.230, P=0.0077) (Fig. 5A) , however there was no significant difference after surgery.
There were significant positive correlations between occlusal force and total masseter width (adjusted R 2 =0.120, P=0.0462) (Fig. 5B) , between contact area and total masseter width (adjusted R 2 =0.202, P=0.0212) (Fig. 5C ) preoperation, however there were no differences after surgery.
There were positive significant correlations between total ramus area and total masseter area, before-(adjusted R
Discussion
The relationship between masticatory muscle and occlusal force before and after orthognathic surgery is very important. Several studies have used the pressure-sensitive sheet to report results after SSRO. [1] [2] [3] [4] Hattori et al. evaluated the reliability of this device for occlusal force measurement, both on a subject and on casts. 23 They reported the linear relationship between applied and measured loads. They calculated occlusal force during maximum voluntary clenching of the subject ranged from 8 to 60 N at the premolars and 63
to 330 N at the molars. 23 Harada et al. reported that both bite force and occlusal contact area were the lowest 2 weeks after surgery and recovered to the preoperative level between 8 weeks and 3 months, then they increased and exceeded the preoperative level at 6 months after surgery. 1 Nagai et al. reported that the occlusal contact area and bite force of patients 1 month after the operation had decreased to below preoperative value, these values 12 months after the operation had increased by 2.0 and 1.8 times in women compared with the preoperative values. 2 In our previous study, bite force and occlusal contact area were the lowest at 1 month after surgery. However, they increased to the preoperative levels between 3 and 6 months after surgery. 4 Ohkura et al. have reported that mean bite force in women prognathism patients was 189.8 N preoperation, 345.1 N after 1 year, and 401.4 N after 2 years. 3 In our previous study, mean bite force in women prognathism patients was 305.8 N preoperation and 405.2 N after 1 year. 4 In this study, mean bite force in women prognathism patients was 429.9.1 N preoperation and 513.3 N after 1 year. Postoperative occlusal force was significantly larger than the preoperative one. Occlusal contacts showed a similar tendency.
Proffit et al. have stated that bite force is primarily affected by two factors: the amount of force generated by the masticatory muscles and the length of their moment arms. 24 Throckmorton et al. proposed that the surgically altered geometry might influence the maximum bite force directly by altering the mechanical advantage of individual muscles. 25 They noted that mandibular setback surgery generally increased the mechanical advantage, whereas advancement surgery decreased it. However, they found in another investigation that the bite forces in the mandibular setback group were smaller than those in the mandibular advancement group postoperation. As one explanation for this finding, the authors suggested that the surgically induced changes in mechanical advantage were so small that they failed to affect the bite force. 26 Computer tomography (CT) has made it possible to measure the cross-sectional areas of the upper arm muscles and the jaw muscles in living subjects. 15, 27 Furthermore, the cross-sectional area has been used frequently as a parameter of muscle size because it is highly correlated with muscle volume. 13, 14 Xu et al. reported that in Japanese subjects, masseter muscle area was 570 mm 2 in males and 487 mm 2 in females. 17 However, Ando stated that in Japanese subjects, masseter muscle area was 381 to 399 mm 2 in males and 288 to 293 mm 2 in females. 28 Ariji has reported that the cross-sectional area of the masseter muscle in female patients with mandibular prognathism was an average of 284.1 mm 2 , which is significantly smaller than that in normal subjects (an average of 322.4 mm 2 ). 19 These were measured on the original axial image at a level approximately 1 cm above the occlusal plane and calculated according to a formulae. 19 In our previous study, the area was 365.2 mm 2 on the right side and 372.2 mm 2 on the left side in cases of prognathism with symmetry, and 365.0 mm 2 on the deviation side and 363.2 mm 2 on the non-deviation side in cases of prognathism with asymmetry. 29 These values were larger than previously reported values by Ariji et al. 19 , because the horizontal plane 5 mm above the mandibular foramen parallel to the FH plane were used in our previous study. In the previous study, no significant difference in the area of the masseter muscle was found between the symmetry and asymmetry groups. 29 Furthermore, no statistically significant difference in the area of the masseter muscle was found between the deviation side and the non-deviation side. In this study, there was no significant difference in the masseter area pre-and postoperation, similar to the previous study. However, there were significant differences between right and left in ramus length, ramus width, masseter length and masseter width preoperation, ramus length, masseter length, masseter width and condylar area postoperation, although the reason was still unclear. Although, in this study the difference between right and left could not be identified on the basis of frontal cephalometric analysis, we could not help understanding that the difference between right and left existed in some measurements.
In the study measuring the cross sectional area of masseter muscle with CT for mandibular prognathism patients after SSRO, Katsumata et al. found that a significant reduction was seen 3 months postoperation and a tendency to revert back between 6 months and 1 year postoperation, however, masseter muscle length was unchanged. 20 They concluded that temporary atrophy was observed immediately after SSRO, but recovered within one year after SSRO. 20 In this study, CT was not performed after 3 and 6 months, therefore the decrease in the masseter muscle area could not be seen. However, masseter muscle area after 1 year did not differ from that obtained preoperative, which is similar to the previous report. 20 Furthermore, the postoperative masseter vertical length tended to be shorter than the preoperative value, in this study. The gonion point moved posterior-superiorly and was accompanied with setback of the distal segment.
The variation in jaw-muscle strength is associated with a vertical craniofacial morphology. 7 Measurements of bite force and electromyographic activity indicate that long -faced (dolichofacial) individuals have weak jaw muscles as compared with normal and short-faced individuals (brachyfacial). [8] [9] [10] [11] [12] It was clear that condylar morphology also reflected the dynamic relationship strongly 18 , although it was not obvious that occlusal force was related to the cross sectional area of condylar area. A previous study suggested that differences in skeletal patterns induced differences in stress distribution on the TMJ; the morphology of the TMJ was also associated with stress direction and distribution on the condyle. 18 In another study, there were no significant differences between pre-and postoperative horizontal changes in the condylar long axis or in the antero-posterior and medio-lateral displacement of the condylar head, after SSRO. 29 Katsumata found that IVRO subjects had a higher incidence of remodeling than the SSRO group. 30 Zhao et al.
reported that minimal alteration in articular cartilage was found in the SSRO group. 31 These studies suggested that condylar displacement and bony remodeling were very small after SSRO. 29 In this study, preoperative occlusal force showed significant negative correlations to the condylar width. Significant postoperative increase of condylar area was shown.
When the proximal segment is fixed by plate or screw, slight position and angle change occurs. The plane position measured the condylar area might change relatively or actual remodeling of condyle might occur in companied with the condylar displacement.
Our previous report suggested that bite force was significantly positively correlated to masseter muscle area and masseter area was correlated to ramus area in preoperative the state. 15 However, the postoperative cross sectional shape of ramus was obviously different from preoperative one but, the cross sectional area of ramus was significantly larger than the preoperative value. This postoperative increase in ramus might partially depend on our surgical method reported previously. 21 In this method, the gap between the proximal and distal segment is created by a bent plate, preventing formation of a large bony contact.
Therefore, the space between distal and proximal segment filled with new bone, and the ramus width can increase. In this study, 1 year after SSRO, masseter muscle area did not change, but occlusal force increased. Furthermore, there were positive significant correlations between occlusal force and masseter width, between contact area and masseter width preoperation, however there were no differences 1year postoperation. Regarding the correlations between bite force and morphology such as masseter muscle, ramus and condyle, many of the preoperative correlations were weak. A number of the measurements had higher varience after surgery than before, possible contributing to the lack of significant correlations after surgery. However, we could not identify what factors had caused relatively low maximum bite force. Investigation using other physical examination such as electromyography (EMG) might be helpful. The study by Ohkura et al. suggested that occlusal force 3 years after SSRO reached the highest recorded value at the end of follow-up (after 3 years). 3 Perhaps the masseter muscle area was not stable and had not completely adapted to the new occlusion and skeletal morphology after 1 year, however it might increase at 2-3 years after surgery. Therefore, further investigation for long follow up will be necessary. 
